Mammalian retinal ganglion cells (RGCs) do not normally regenerate their axons through an injured optic nerve, but can be stimulated to do so by activating macrophages intraocularly. In a cell culture model of this phenomenon, we found that a small molecule that is constitutively present in the vitreous, acting in concert with macrophage-derived proteins, stimulates mature rat RGCs to regenerate their axons if intracellular cAMP is elevated. In lower vertebrates, RGCs regenerate their axons spontaneously in vivo, and in culture, the most potent axon-promoting factor for these cells is a molecule that resembles the small vitreous-derived growth factor from the rat. This molecule was isolated chromatographically and was shown by mass spectrometry to be a carbohydrate. In agreement with this finding, D-mannose proved to be a potent axon-promoting factor for rat RGCs (ED 50 ϳ10 M); this response was cAMP-dependent and was augmented further by macrophage-derived proteins. Goldfish RGCs showed far less selectivity, responding strongly to either D-mannose or D-glucose in a cAMP-independent manner. These findings accord well with the success or failure of optic nerves to regenerate in higher and lower vertebrates in vivo. The axon-promoting effects of mannose are highly specific and are unrelated to energy metabolism or glycoprotein synthesis.
Introduction
Like other CNS pathways in mature mammals, the optic nerve does not normally regenerate after injury. Retinal ganglion cells (RGCs) initiate a sprouting reaction at their damaged nerve endings, but this growth is abortive, and the cells soon begin to die (Ramon y Cajal, 1991) . Nonetheless, RGCs can regenerate lengthy axons through a peripheral nerve graft (Aguayo et al., 1991) and even through the optic nerve itself if the lens is injured (Fischer et al., 2000; Leon et al., 2000) or if a fragment of peripheral nerve is implanted into the vitreous (Berry et al., 1996) . These latter manipulations lead to the appearance of activated macrophages in the eye, and we have recently shown that intravitreal macrophage activation is sufficient to allow RGCs to regenerate their axons through the optic nerve (Leon et al., 2000; Yin et al., 2003) . In culture, a macrophage-derived protein, acting in concert with a small molecule that is constitutively present in the vitreous, stimulates mature rat RGCs to regenerate their axons in a cAMP-dependent manner (Yin et al., 2003) .
In contrast to mammals, fish and amphibia can regenerate their optic nerves throughout life (Jacobson, 1991) . In culture, the most potent axon-promoting factor for goldfish RGCs is a small hydrophilic molecule (Ͻ500 Da) that is secreted by nonneuronal cells of the optic nerve. We referred to this molecule as AF-1 (Schwalb et al., 1995 (Schwalb et al., , 1996 .
We show here that the small, endogenous axon-promoting factors for goldfish and rat RGCs are carbohydrates. Rat RGCs extend axons in response to low micromolar concentrations of mannose when intracellular cAMP is elevated, and macrophagederived proteins augment outgrowth further. Goldfish RGCs show considerably less selectivity, extending axons in response to either mannose or glucose even without altering intracellular cAMP levels. These results may help shed light on the regenerative success or failure seen in the primary visual pathways of mammals and lower vertebrates in vivo.
Materials and Methods

Extraction of a low molecular weight growth factor from vitreous humor.
Molecules present in the vitreous bodies of either normal adult male Fisher rats (200 -250 gm; Charles River Laboratories, Wilmington, MA) or from similar rats, 7 d after activating macrophages in the eye, were extracted into normal saline (8 vitreous bodies in 1.5 ml saline, 4°C, with overnight mixing). Macrophages were activated by lens injury, which induces axon regeneration in vivo (Leon et al., 2000) . Cellular debris was removed using a 45 m low protein-binding filter (Corning Costar, Cambridge, MA), and low molecular weight components were separated by ultrafiltration through a 3 kDa molecular weight cutoff (MWCO) device (Centricon YM3; Millipore, Bedford, MA) . Molecules present in the vitreous bodies from newborn calves (Research 37, Hopkinton, MA) were similarly extracted into saline (3 volumes, 1 hr) after cutting the vitreous into small pieces (Ͻ125 mm 3 ), and components Ͻ3 kDa were separated as above. Bioactivity was tested using goldfish retinal cultures (see below) in the presence or absence of 6-thioguanine (6-TG) (20 M; Sigma-Aldrich, St. Louis, MO), an antagonist of a purine-sensitive kinase (Volonte et al., 1989) , or 4-nitrobenzyl-6-thioinosine (NBTI) (20 M; Sigma-Aldrich), an inhibitor of purine transport across the cell membrane (Tolkovsky and Suidan, 1987) .
Analysis of bovine vitreous conditioned media by reversed-phase HPLC. The low molecular weight extract of bovine vitreous was lyophilized and extracted into either 15% of its original volume of 95% ethanol and then water, or simply into 3% of its original volume of water. Either procedure removed Ͼ95% of the inorganic salts while leaving essentially all of the axon-promoting activity in the soluble phase (data not shown). We applied 100 l of extract to a C18 reversed-phase HPLC column (Delta Pak 5 m C18 100 Å; 0.5 ml/min; Waters, Milford, MA) pre-equilibrated with mobile phase A [0.1% trifluoroacetic acid (TFA) in water] at 0.5 ml/min. The column was washed with this same buffer for 2 min and then eluted with 21 ml of a 0 -100% gradient of mobile phase B (isopropanol, acetonitrile, and water in a ratio of 3:2:2, with 0.08% TFA) at a flow rate of 0.5 ml/min. Fractions of 1 ml were bioassayed.
Purification of the biologically active component. After extraction and desalting, the low molecular weight extract from the bovine vitreous was applied to a Sephadex G-10 column (1.6 ϫ 48 cm; separation range, 50 -700 Da) and eluted with water at a flow rate of 0.3 ml/min. Fractions of 4.5 ml were collected and bioassayed (see below) at ϳ5% of their original concentration in the starting sample. Fractions containing axonpromoting activity were pooled and re-chromatographed on the same column.
Final purification was achieved using normal-phase chromatography. Biologically active fractions from the G-10 column were lyophilized, redissolved in 200 l 75% acetonitrile (ACN), and applied at 1 ml/min to a pre-equilibrated LC-NH 2 HPLC column (Supelco aminopropyl Supelcosil LC-NH 2 ; Sigma-Aldrich). The column was eluted with 75% ACN, collecting 1 ml fractions, which were bioassayed. Fractions containing axon-promoting activity were pooled, re-chromatographed on the same column, and active fractions were again identified by bioassay.
Goldfish retinal ganglion cell cultures. Retinas from anesthetized, darkadapted, Comet variety goldfish (Mt. Parnell Fisheries, Ft. Loudon, PA) were dissected, digested with papain, and triturated to yield an RGCenriched cell suspension (Schwartz and Agranoff, 1981; Schwalb et al., 1995) . Approximately 500 RGCs were plated into each well of a 24-well plate (Nunc, Rochester, NY) in Liebovitz' L15 media (Invitrogen, Carlsbad, CA) supplemented with insulin, antioxidants, and other components as described elsewhere (Schwalb et al., 1995) . Experimental samples, along with positive and negative controls, were tested in quadruplicate in randomized positions on the plate. After 6 d in culture at 25°C, the fluorescent vital dye Calcein (final concentration, 5 M; Molecular Probes, Eugene, OR) was added, and axon outgrowth, defined as the percentage of RGCs that extended an axon Ն5 cell diameters in length, was evaluated in 150 consecutively encountered RGCs per well by an observer blind to treatment conditions. Data were analyzed by averaging axon growth across the four wells for each sample, subtracting the level of growth in negative controls (typically 2-5%), and normalizing by the net growth in positive controls (pre-validated AF-1 unless stated otherwise: growth usually 20 -40%). Data are presented as normalized means Ϯ SEM. Normalization was done to be able to compare results across experiments, which sometimes differed considerably in their baseline and peak growth levels. Major findings were replicated in multiple independent experiments. Unless noted otherwise, all molecules were analytical grade from Sigma-Aldrich. Mannoheptulose (MH) was from CMS Chemicals, Ltd. (Abington, UK), and forskolin was from Alamone Labs (Jerusalem, Israel).
Rat retinal ganglion cell cultures. To distinguish ganglion cells from other retinal cell types, adult male Fisher rats (200 -250 gm; Charles River Laboratories) were anesthetized (ketamine, 60 -80 mg/kg, i.p., xylazine, 10 -15 mg/kg, i.p.), the superior colliculi were surgically exposed, and Fluorogold (FG) (2% in saline, 5 l; Fluorochrome, Denver, CO) was injected into several sites bilaterally. A small piece of Surgifoam (Ethicon, Somerville, NJ) impregnated with FG was placed over the superior colliculi, and the scalp wound and overlying skin were closed. After allowing 7 d for FG to be retrogradely transported to RGC somata, rats were killed with an overdose of anesthesia, eyes were removed, and the retinas were dissected and dissociated as described (Yin et al., 2003) . Mixed cultures containing 100 -150 FG-labeled RGCs per well were maintained for 3 d at 37°C in 4-well plates using the same medium used for goldfish RGC cultures, but supplemented with 2.2 mg/ml NaHCO 3 and 5% CO 2 . Experimental samples were tested in quadruplicate and were distributed across the culture dishes in a randomized manner. Statistical handling of the data were as described above, except that results are represented as fold-increase relative to the baseline growth in negative controls (generally 5-8%).
GAP-43 immunostaining. Cells cultured on coverslips were fixed with 4% paraformaldehyde [10 min at room temperature (RT)], treated with 0.1% Triton X-100 and 5% goat serum (30 min), and incubated with an anti-GAP-43 antibody (1:500 dilution, clone 9 -1E12; Chemicon, Temecula, CA) 4°C overnight, followed by a fluorescein-conjugated goat anti-mouse secondary antibody (1:500, AlexaFluor 488, 1 hr, RT; Molecular Probes). Controls were stained omitting the primary antibody.
Macrophage-conditioned media. Proteins secreted by normal alveolar macrophages (NR8383; ATCC, Manassas, VA) were collected into serum-free F-12K medium for 8 hr at 37°C in 5% CO 2 and concentrated using a 3 kDa MWCO ultrafiltration membrane as described (Yin et al., 2003) .
Mass spectrometry. Fast Atom Bombardment (FAB) mass spectra were obtained at the Michigan State University Mass Spectrometry Facility using a JEOL (Peabody, MA) HX-110 double-focusing mass spectrometer operating in either the positive or negative ion mode. Ions were produced by bombardment with a beam of Xe atoms (6 keV). The accelerating voltage was 10 kV, and the resolution was set at 3000. For FAB-CAD-MS/MS, helium was used as the collision gas in a cell located in the first field-free region. The helium pressure was adjusted to reduce the abundance of the parent ion by 50%. A data system generated linked scans at a constant ratio of magnetic to electrical fields (B/E). The instrument was scanned from mass/charge ratios (m/z) 50 -2000. Spectra are presented from single scans.
Results
The mammalian vitreous contains an axon-promoting factor similar to goldfish AF-1
The vitreous body of the rat contains a small molecule that enables mature RGCs to regenerate their axons when intracellular cAMP is elevated (Yin et al., 2003) . To determine whether this molecule is similar to AF-1, the small axon-promoting factor described in goldfish (Schwalb et al., 1995 (Schwalb et al., , 1996 , we extracted molecules present in the rat's vitreous body into saline and separated components Ͻ3 kDa by ultrafiltration. When tested in goldfish retinal cultures, the low molecular weight vitreous extract (VE Ͻ3) induced regenerative outgrowth even when diluted 80-fold; axon-promoting activity was high both in the normal eye and after lens injury (Fig. 1a-c) . These effects were unrelated to changes in cell survival (Fig. 1d) . Like the rat vitreous, bovine vitreous contains high levels of the axon-promoting activity ( Fig.  1e) , providing a plentiful source for purification.
Another small molecule that can stimulate goldfish RGCs to regenerate their axons is the purine nucleoside inosine (Benowitz et al., 1998) . To determine whether VE Ͻ3 resembles goldfish AF-1 or inosine in its activity, we investigated whether its activity could be inhibited by 6-thioguanine, a purine analog that blocks the effect of AF-1 noncompetitively but acts competitively with inosine (Petrausch et al., 2000) , or with NBTI, an inhibitor of purine transport across the cell membrane that blocks the effects of inosine but not of AF-1 (Benowitz et al., 1998) . 6-TG eliminated growth induced by VE Ͻ3 and AF-1, while only partially decreasing the effect of inosine (Fig. 1e ). Conversely, NBTI had little effect on growth induced by VE Ͻ3 or AF-1, but blocked the effects of inosine. Thus, pharmacologically, VE Ͻ3 resembles goldfish AF-1.
The small vitreous-derived factor stimulates adult rat RGCs to regenerate axons
Mature rat RGCs, identified by retrograde labeling with Fluorogold, were grown in mixed, dissociated cultures in defined, serum-free media. Under these conditions, 5-8% of RGCs extended axons Ͼ2 cell diameters in length by 3 d. In isolation, VE Ͻ3 enhanced growth only slightly above this baseline. Neither forskolin (15 M) nor the nonhydrolyzable cAMP analog, SpcAMPs (100 M), had any effect. In the presence of either forskolin or Sp-cAMPs, however, VE Ͻ3 increased outgrowth approximately threefold (Fig. 2a-e) ( p Ͻ 0.001). These effects were unrelated to changes in cell survival (Fig. 2f ) . Maximal effects were attained even when VE Ͻ3 was diluted to 4% of its original concentration in the vitreous (Fig. 2g) .
Isolation of the active molecule
When VE Ͻ3 was applied to a reversed-phase C18 HPLC column, axon-promoting activity eluted in the flow-through (Fig.  3a,b) . A similar elution profile was reported previously for goldfish AF-1 (Schwalb et al., 1995) . Based on this hydrophilic behavior, we used normal-phase chromatography as a final step in purification.
On a gel-filtration column (Sephadex G-10), the active component of VE Ͻ3 eluted as a single peak (165-180 min) that partially overlapped with a major 214 nm absorbance region (Fig.  3c,d ). Even at high concentrations, the active fraction induced somewhat lower outgrowth than the starting material. A component that eluted later from the G-10 column and that had no activity by itself brought the level of outgrowth induced by the active fraction back to that of the starting material (see below). Applying the active fraction from the G-10 column to a normalphase LC-NH 2 column resulted in a high degree of purification, with the axon-promoting factor eluting later than most other 214 nm absorbing components (Fig. 3e,f ) . The active fraction was further purified by being run again on the same LC-NH 2 column (data not shown).
Identification of the active factor by mass spectrometry
The active fraction from the LC-NH 2 column, along with adjacent inactive fractions, were analyzed by FAB mass spectrometry in the negative (Fig. 4a,b) or positive (Fig. 4c,d ) ion modes in the presence of glycerol (ϩgly). In the negative ion mode, the active fraction (17) contained an ion with m/z ϭ 179.2 (Fig. 4b, arrow) that was absent in the adjacent inactive fraction (Fig. 4a, Fract. 16). Because m/z values in the negative ion mode correspond to the true mass minus 1 proton, the molecule present in the active fraction is predicted to have a mass of 180. In the positive ion mode, two peaks appeared in the biologically active fraction that were absent in the adjacent inactive fraction (m/z ϭ 273.2 and 255.2) (Fig. 4c,d, arrows) . Because m/z values in the positive ion mode contain an additional proton, the two unique ions are predicted to have masses of 272.2 and 254.2; however, if these ions represent glycerol adducts (mass, 92) of the parent species, the mass of the larger one would be 180, which is similar to that found in the negative ion mode, whereas the other would be 162. Further analysis of the m/z ϭ 273 ion by MS/MS in the positive ion mode (Fig. 4e, curved arrow) confirmed the presence of glycerol (m/z ϭ 93, asterisk) and the 180 mass (m/z ϳ 181, double arrows). MS/MS also generated peaks corresponding to the parent species minus multiples of 18, i.e., 163, 145, and 127 (arrows). either VE Ͻ3 or goldfish-derived AF-1 is blocked by the purine analog 6-TG, but is unaffected by NBTI, an inhibitor of purine transport. Conversely, the effect of inosine is blocked by NBTI but is only partially inhibited by 6-TG.
The latter peaks are likely to represent serial losses of hydroxyl groups from the 181 ion, whereas the peaks with m/z ϳ 255 and 237 (arrowheads) probably represent glycerol adducts of the 163 and 145 ions, respectively. These results predict that the active molecule is a carbohydrate with the formula C 6 H 12 O 6 (mass, 180).
Axon regeneration in goldfish RGCs
Based on the mass spectrometry results, we tested whether monosaccharides or related structures stimulate goldfish RGCs to regenerate their axons. The culture medium used in these studies already contains high concentrations of galactose (5 mM) and pyruvate (5 mM) as carbon sources and for energy metabolism. Thus, any effects of carbohydrates on axon outgrowth are likely to be highly specific and independent of energy metabolism. Myo-inositol, the ketoses fructose and sorbose, and the aldoses D-allose, D-altrose, D-gulose, D-talose, and D-galactose all failed to stimulate outgrowth (tested at 50 -100 M). However, two of the carbohydrates that are present in the vitreous, mannose and glucose (Walker and Patrick, 1967) , had strong axon-promoting effects (Fig. 5a , compare Fig. 3d,f ) ; their L-enantiomers were inactive (Fig. 5a ). These effects were independent of cell survival (Fig. 5b) . Maximal effects of mannose (Fig. 5c ) or glucose (data not shown) were achieved at concentrations of 25-50 M, with an ED 50 of 5-10 M. Like the growth-promoting factor isolated from bovine vitreous, the activity of mannose or glucose on goldfish RGCs was augmented by the addition of a late-eluting fraction from the size-exclusion column, which itself did not cause growth (Fig. 5d) . The effect of glucose (Fig. 5e ) or mannose (data not shown) on goldfish RGCs was not enhanced with the membrane-permeable, non-hydrolyzable cAMP analog dibutyryl cAMP (dBcAMP). Conversely, the protein kinase A inhibitor KT5720, at the normally effective dosage of 1 M, did not diminish the effect of mannose, and had only a slight effect at 10 M (Fig. 5f ) . Likewise, the protein kinase A (PKA) inhibitor RpcAMPs had no effect on glucose-induced outgrowth at the normally effective dose of 100 M, but blocked growth by 48% when tested at 1 mM (data not shown).
To further investigate structure-function relationships and possible mechanisms of action, we examined the activity of several additional compounds (Fig. 6a) . D-glucosamine induced strong outgrowth ( p Ͻ 0.001), whereas D-mannosamine did not, nor did 2-deoxy-D-glucose (2-DG), 3-O-methyl-D-glucose (3-OMG), methyl-␣-D-glucopyranoside, methyl-␤-D-glucopyranoside, N-acetylglucosamine, or fucose.
In several cell types, glucose is sensed by the activity of hexokinases, the first enzymes in the glycolytic pathway, or by the concentration of downstream metabolites (Rolland et al., 2001 ). In goldfish RGCs, MH (10 mM), an inhibitor of both glucose-6 kinase and hexose-6 kinase, had no effect on outgrowth induced by glucose or mannose, despite being detrimental to cell survival (Fig. 6b) . Thus, the glucose-mannose sensor for axon growth is not the kinase involved in the first step of glycolysis, nor does it depend on the intracellular concentration of the 6-phosphate derivatives or of any downstream metabolites. The failure of MH to block outgrowth, even in the face of diminished cell survival, provides further evidence that the axon-promoting effects of D-glucose or D-mannose are unrelated to cell survival. growth in defined media alone. f, None of the agents tested altered RGC survival. g, VE Ͻ3 gives a near-maximal response at a concentration of 5%. **p Ͻ 0.01 compared with negative control;
[***] p Ͻ 0.001 compared with either negative controls or cells treated with PKA agonists alone. When introduced extracellularly, Dglucose-6-phosphate and D-mannose-6-phosphate stimulated a modest amount of outgrowth at 100 M ( p Ͻ 0.01) and appreciable growth at 1 mM ( p Ͻ 0.001) (Fig. 6c) . The 6-phosphate derivatives are negatively charged and do not pass through the cell membrane (Abeles et al., 1992) . This suggests that the 6-phosphate derivatives, and by extension glucose and mannose themselves, may stimulate axon outgrowth via an extracellular sensor.
Rat RGCs respond selectively to mannose
RGCs from the mature rat showed a far greater response selectivity than goldfish RGCs. D-mannose by itself had little effect on rat RGCs (Fig. 7a) , but in the presence of forskolin, it increased axon outgrowth threefold over baseline ( p Ͻ 0.001) (Fig.  7a) . This effect was similar to that of VE Ͻ3 (compare Fig. 2) , and was likewise unrelated to changes in cell survival (Fig. 7b) . In the presence of forskolin, mannose elicited maximal effects by 50 M, with an ED 50 of ϳ10 M (data not shown). Stereospecificity is demonstrated by the inactivity of L-mannose (Fig. 7a) . Under similar conditions, glucose had no effect whatsoever (Fig.  7a) , even when present at millimolar concentrations (data not shown). Of the other sugars tested, gulose had some activity ( p Ͻ 0.05), although well below that of mannose. Unlike goldfish RGCs, rat RGCs did not respond to glucosamine (Fig. 7a) or to high concentrations of mannose-6-phosphate (up to 10 mM: data not shown).
Additive effect of a macrophage-derived factor or factors and mannose in rat RGCs
In culture, a 10 -20 kDa macrophage-derived protein potentiates the response of rat RGCs to a small vitreous-derived growth factor when [cAMP] i is elevated (Yin et al., 2003) . In the presence of forskolin, macrophage-conditioned media nearly doubled the response of rat RGCs to mannose, elevating growth almost sixfold above baseline (Fig. 7c) . This growth corresponds to Ͼ50% of cultured RGCs extending axons in 3 d.
Discussion
The present results show that the small, axon-promoting molecules present in the visual systems of goldfish and rats are simple carbohydrates. Goldfish RGCs require low micromolar concentrations of glucose or mannose to regenerate their axons, even when other energy sources are abundant. Mature rat RGCs are even more selective, responding to mannose but not glucose, and only when intracellular cAMP levels are elevated; macrophagederived proteins enhance these effects further. These findings may in part explain the markedly different capacities of lower vertebrates and higher vertebrates to regenerate their optic nerves in vivo. That is, whereas the normal abundance of glucose may suffice to enable goldfish RGCs to regenerate injured axons, rat RGCs can only respond to mannose, and only do so on a conditional basis.
Selectivity in carbohydrate responsiveness
The low molecular weight growth factor present in the mammalian vitreous was found here to be similar to the goldfish axonpromoting factor, AF-1, in its bioactivity, size, hydrophilic behavior, sensitivity to 6-thioguanine, and insensitivity to NBTI (Schwalb et al., 1995 (Schwalb et al., , 1996 Benowitz et al., 1998; Petrausch et al., 2000) . After isolation by ultrafiltration, differential solubility, gel-filtration chromatography, and normal-phase HPLC, this axon-promoting factor was found by mass spectrometry to be a carbohydrate with the formula C 6 H 12 O 6 . Testing the carbohydrates that are known to be present in the vitreous along with others sharing related structures revealed that both goldfish and rat RGCs respond to mannose with an ED 50 of ϳ10 M. The responsiveness of goldfish RGCs is stereospecific and requires the positions of the hydroxyl groups on carbon atoms 3, 4, and 5 to be highly constrained; however, the position of the hydroxyl group on carbon 2 is unconstrained, because either mannose or glucose stimulates growth, as does the substitution of an amide group for the hydroxyl group on carbon-2. Goldfish RGCs also respond to a lesser extent when a phosphate is substituted on carbon-6. In the case of rat RGCs, the structural constraints are considerably greater, as indicated by the complete insensitivity of these cells to glucose, glucosamine, or mannose-6-phosphate. Rat RGCs, unlike goldfish RGCs, show a partial response to gulose, perhaps because of its structural similarity to mannose on carbons 2-4. The different response profiles of rat versus goldfish RGCs may represent evolutionary changes in a common receptor, or they could reflect the properties of entirely different receptors in fish and rats. One caveat in these studies is that, because we are using mixed retinal cultures, mannose and/or elevated cAMP could be acting on another cell type first, which releases a secondary factor that acts on RGCs. In goldfish cultures, this seems unlikely, because RGCs constitute up to 70% of the cells that are present, and their response to AF-1 remains high even at very low plating densities (Schwalb et al., 1995 (Schwalb et al., , 1996 .
Dissociation of axon-promoting effects and energy metabolism
Several lines of evidence indicate that the axon-promoting effects of D-mannose or glucose are unrelated to energy metabolism or to cell survival. Our cell cultures already contain high concentrations of galactose and pyruvate, which provide ample carbon sources and which are readily converted to ATP in neurons; the Figure 3 . Isolation of the low molecular weight growth factor from bovine vitreous. a, b, Reversed-phase HPLC. The low molecular weight factor from bovine vitreous was concentrated, extracted into 95% ethanol, and subjected to HPLC on a C-18 reversed-phase column. Axon-promoting activity eluted early. c, d, On a G-10 Sephadex gel-filtration column, the axonpromoting activity eluted as a coherent peak. e, f, Normal-phase chromatography. Fractions containing the axon-promoting activity from the gel-filtration column were pooled and separated on an LC-NH 2 normal-phase HPLC column. Bioassays, performed on goldfish RGCs, show that the axon-promoting activity elutes later than most other components (arrows).
low micromolar concentrations of glucose or mannose that cause goldfish RGCs to extend axons are not likely to alter overall ATP levels appreciably and have no effect on cell survival. Another indication that the carbohydrates affect outgrowth per se is the observation that in goldfish RGCs, AF-1 induces the expression of a specific constellation of genes involved in axon growth, including GAP-43, L1, and T␣-1 tubulin, while not altering the expression of other genes (Petrausch et al., 2000) . Moreover, mannoheptulose, an inhibitor of hexose kinases (Rolland et al., 2001) , does not block the axon-promoting effects of glucose or mannose, even while depressing cell survival. Thus, the axogenic effect of D-mannose or D-glucose does not require metabolism leading to ATP production, i.e., conversion to the 6-PO 4 derivatives, nor does it involve the formation of any further downstream metabolites. The dissociation between axon-promoting effects and energy metabolism is even more apparent in the case of rat RGCs, in which mannose, but not glucose, stimulates outgrowth. The failure of mannoheptulose to block the axonpromoting effects of the carbohydrates also rules out the possibility that the latter could be limiting for glycoprotein synthesis, because formation of the 6-PO 4 derivatives is also necessary in this regard. Another argument against mannose acting by virtue of its role in glycoprotein synthesis is that glucose is a normal precursor for the carbohydrate side chains in glycoproteins, yet it does not stimulate rat RGCs to regenerate axons even when present at millimolar concentrations. At the same time, the fact that extracellular D-glucose-6-PO 4 and D-mannose-6-PO 4 can act as weak agonists in goldfish RGCs suggests that they, and by extension mannose and glucose themselves, may act via an extracellular sensor, because the negatively charged phosphate derivatives cannot cross the cell membrane (Abeles et al., 1992 ). An alternative interpretation of this finding, however, is that either dying cells in culture might release a phosphatase that converts the 6-PO 4 derivatives to the parent sugars, or that these cells contain an extracellular phosphatase. Whereas most known glucose sensors respond in the low millimolar range (Rolland et al., 2001) , the effective concentration here is two orders of magnitude lower. The nature of the carbohydrate sensors responsible for inducing axon outgrowth is as yet unknown.
The role of cAMP
In addition to differences in carbohydrate responsiveness, goldfish and rat RGCs show intrinsic differences in their requirements for cAMP. The response of goldfish RGCs to mannose or glucose was unaltered by elevating intracellular cAMP concentrations or, up to a point, decreasing the activity of protein kinase A. In contrast, the ability of mature rat RGCs to respond to mannose required elevated intracellular cAMP. This difference is reminiscent of the situation in early developing versus postnatal mammalian peripheral ganglionic neurons: whereas mature mammalian peripheral ganglionic neurons require elevated cAMP to regenerate their axons, immature ganglionic neurons do not (Cai et al., 2001) . The exact role of elevated cAMP in our rat RGCs is unknown, but could involve the translocation of a receptor to the cell membrane, as has been described for TrkB in early postnatal rat RGCs (Meyer-Franke et al., 1995; Shen et al., 1999; Goldberg et al., 2002) , determining the effects of various extracellular signals on growth cone motility (Ming et al., 1997; Song et al., 1998) , and/or modulating a signal transduction pathway or altering gene expression such that rat RGCs become competent to respond to mannose.
Role of the glial environment
Another factor that may contribute to interspecies differences in regenerative potential may be the glial environment (Bastmeyer et al., 1991; Sivron et al., 1994; Wanner et al., 1995) . However, altering the intrinsic growth potential of the neuron can partially overcome the negative effects of the glial environment. In one widely studied instance of this phenomenon, sensory ganglion neurons can be stimulated to regenerate their central processes in the mature spinal cord by providing exogenous trophic factors (Ramer et al., 2000) , overexpressing GAP-43 and CAP-23 (Bomze et al., 2001) , elevating intracellular cAMP (Neumann et al., 2002; Qiu et al., 2002) , or transecting the peripheral axons of ganglionic neurons (Neumann and Woolf, 1999) . Likewise, although mature rat RGCs are normally unable to regenerate severed axons after optic nerve crush in vivo, they can be stimulated to do so by manipulations that lead to macrophage activation in . When subjected to higher voltage, the m/z 273 species generated a glycerol peak (m/z ϭ 93; asterisk) and an ion of m/z ϭ 181 (double arrow), i.e., the parent species minus glycerol; most of the additional ions represent successive losses of 18 atomic mass units from either the 181 ion (m/z ϭ 163, 145 and 127; arrows) or from the glycerol adduct of the 181 species (m/z ϭ 255, 237; arrowheads). These results indicate that the axon-promoting factor is a carbohydrate with the formula C 6 H 12 O 6 . the eye (Berry et al., 1996; Fischer et al., 2000; Leon et al., 2000; Yin et al., 2003) . Under optimal circumstances, RGCs stimulated in this manner can regenerate their axons back to the superior colliculus (Fischer et al., 2001 ). The present results suggest that such regeneration reflects the contributions of macrophagederived factors, which act in a regulatory capacity, and of mannose that is normally present in the vitreous (Walker and Patrick, 1967) , which serves an enabling role.
In summary, our results show that the endogenous low molecular weight factors that stimulate axon outgrowth in goldfish RGCs and that enable mature rat RGCs to grow when other factors are present are carbohydrates. Goldfish RGCs extend axons in response to low micromolar concentrations of glucose, mannose, or glucosamine, even without altering intracellular cAMP levels. The physiological abundance of these sugars may help tionated VE Ͻ3. Another factor that elutes later from the gel-filtration column (14 -17), and which has no activity by itself (Fig. 3d) , enhances the effects of glucose and of the carbohydrate isolated from VE Ͻ3. e, The membrane-permeable cAMP analog dBcAMP (1 mM) does not augment the effect of glucose. f, The protein kinase A inhibitor KT5720 has little effect on mannose-induced growth. . c, The 6-phosphate derivatives of D-glucose and D-mannose (glc-6-P, man-6-P) stimulate outgrowth when present at 10-fold higher concentrations than the parent hexoses. y-axis is the same as in b. **p Ͻ 0.01, ***p Ͻ 0.001 relative to cells grown in media alone: † † p Ͻ 0.01 decrease in survival relative to glucose alone.
explain why goldfish can regenerate their optic nerves so readily in vivo. In mammals, although regenerative failure has been ascribed to inhibitory myelin proteins and to the glial scar at the injury site, these barriers can be overcome to a large extent by intravitreal manipulations that cause a macrophage influx into the eye (Yin et al., 2003) . The present studies show that micromolar concentrations of mannose are necessary for rat RGCs to respond to macrophage-derived factors and elevated cAMP. Hence, in both lower vertebrates and mammals, specific monosaccharides appear to be essential for axon regeneration. 
